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(57) ABSTRACT

A method of determining and predicting a state of a recharge-
able battery device 1n real time 1mvolves measuring a current
and a voltage of the rechargeable battery 1n real time, mnput-
ting the measured current and voltage into an algorithm, and
applying the algorithm to determine the state of the recharge-
able battery. The algorithm includes a first mathematical
model based on a direct solution of at least one differential
equation characterizing an equivalent RC circuit of the bat-
tery as a function of time. The first model generates a plurality
ol parameters that are usable to determine the state of the
battery. The algorithm further includes a second mathemati-
cal model configured to regress the parameters over time, and

a third mathematical model configured to estimate the state of
the battery.
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METHOD FOR DETERMINING A STATE OF
A RECHARGEABLE BATTERY DEVICE IN
REAL TIME

TECHNICAL FIELD

[0001] The present disclosure relates generally to methods
for determining a state of a rechargeable battery device inreal
time.

BACKGROUND

[0002] Hybnd electric and battery powered vehicles often
utilize energy stored 1n a rechargeable battery to operate one
or more systems of the vehicle. The rechargeable battery may
be used, for example, 1n combination with an internal com-
bustion engine to propel the vehicle (such as 1n hybrid electric
vehicles), or may be used alone to propel the vehicle (such as
in battery powered vehicles). In some cases, hybrid electric or
battery powered vehicles include an estimator that may be
utilized to determine at least the state of charge (SOC) and the
state of power (SOP) of the rechargeable battery. This infor-
mation may be used to apprise a vehicle operator of a then-
current state of the battery.

SUMMARY

[0003] A method of determining a state of a rechargeable
battery device 1n real time mvolves measuring a current and a
voltage of the rechargeable battery in real time, and 1nputting
the measured current and voltage into an algorithm. The
algorithm 1ncludes a first mathematical model based on a
direct solution of at least one differential equation character-
1zing an equivalent RC circuit of the rechargeable battery as a
function of time. The first mathematical model 1s configured
to generate a plurality of parameters that are usable to predict
the state of the rechargeable battery device. The algorithm
turther includes a second mathematical model configured to
regress the parameters over time, and a third mathematical
model configured to estimate the state of the rechargeable
battery device. The method still further involves applying the
algorithm to determine the state of the rechargeable battery
device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features and advantages of examples of the present
disclosure will become apparent by reference to the following
detailed description and drawings, in which like reference
numerals correspond to similar, though perhaps not 1dentical,
components. For the sake of brevity, reference numerals or
teatures having a previously described function may or may
not be described 1n connection with other drawings 1n which
they appear.

[0005] FIG.1schematically depicts an example of a bottom
side of a hybrid electric vehicle;

[0006] FIG. 2 1s a schematic diagram of an example of an
clectric circuit of a battery module for use, for example, in the
vehicle of FIG. 1;

[0007] FIG. 3 1s a graph showing the regressed model
parameters obtained from an example of the algorithm dis-
closed herein;

[0008] FIG. 41sa graph showing the measured current and
voltage of the battery during a cycling process;

[0009] FIG. 5 1s a series of graphs showing the results of a
charge-power test that was performed on a lithium 10n bat-

tery;
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[0010] FIG. 6 15 a series of graphs showing predicted state
of charges (SOC) and the charge and discharge power pro-
jections of a lithtum 10n battery that occur at time (t) of 0.5
seconds, 2 seconds, and 10 seconds during a cycling process;
[0011] FIGS. 7 through 9 are graphs summarizing the
results of 150 random tests on the state of charge (SOC) and
the state of power (SOP) of a lithtum 10n battery, where
[0012] FIG. 7 shows predicted values of SOC are within
+/-3% accuracy relative to measured values,

[0013] FIG. 8 compares a predicted 2 second power pro-
jection with measured values, and

[0014] FIG. 9 compares a predicted 10 second power pro-
jection with measured values; and

[0015] FIG. 101s a graph depicting the measured discharg-
ing power of the battery versus the time as the battery voltage
1s clamped at 4 V after 1200 seconds.

DETAILED DESCRIPTION

[0016] Example(s) of the method disclosed herein may be
used to quantitatively determine, and therefore predict at least
the state of charge (SOC) and the state of power (SOP) of a
rechargeable battery device 1n a vehicle, such as, for example
a hybrid electric vehicle. An example of a hybnid electric
vehicle 10 1s depicted in FIG. 1. The vehicle 10 includes a
module 12 containing at least one rechargeable battery 14. In
instances where the module 12 includes a plurality of
rechargeable batteries 14, the batteries 14 may be connected
together 1n series and/or in parallel. Some non-limiting
examples of rechargeable batteries include lithtum 10n bat-
teries, lead acid batteries, and nickel metal hydride batteries.
[0017] The vehicle 10 further includes a controller 16
operatively associated with the battery module 12. The con-
troller 16 1s also operatively associated with memory 17 and
a processor 15 operatively coupled to the memory 17 and to a
computer-readable medium 19 encoded with one or more
algorithms for determining at least the SOC and the SOP of
the battery/ies 14. The measured current and voltage are
retrieved by the controller 16 from their respective measuring,
devices, which are described hereinbelow. As will be
described 1n detail below, current and a voltage 1s utilized by
the processor 15 of the controller 16 as mnputs for the algo-
rithm 1n real time, and then the algorithm 1s executed by the
processor 15 to determine the SOC and the SOP. As shown in
FIG. 2, the vehicle 12 includes a current and voltage source
30, which generates current and voltage. Further the current
and the voltage may be measured using respective measuring
devices 32, 34. In an example, the device 32 1s configured to
measure a magnitude and direction of the current flowing
through the battery/ies 14 (such as, e.g., an ammeter), while
the device 34 1s configured to measure an open circuit voltage
(V__ of the battery/ies 14 (such as, e.g., a voltmeter). The
circuitry for measuring the current and the voltage may, for
example, be included 1n an integrated circuit.

[0018] The hybnid vehicle 10 also includes an electric
motor/generator 18 that 1s dynamically connected to an inter-
nal combustion engine 20, and functions to either power the
vehicle 10 (such as to propel the vehicle 10 to move forward
or backward) or to charge the battery/ies 14 (e.g., when the
vehicle 10 does not require power from the motor/generator
18 to propel the vehicle 10). In some 1nstances, the vehicle 10
may also include another motor/generator 18' that 1s con-
nected on an opposite end of the vehicle 12 from the engine
20. The direction of the electrical energy (e.g., the current
flow) from the motor/generator 18 may be determined at least
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from the operating state of the vehicle 10. For instance, when
the vehicle 10 1s 1n a regenerative state (such as during brak-
ing), the current flows from the motor/generator 18 and ulti-
mately to the battery module 12 to charge the battery/ies 14.
When the vehicle 10 1s not 1n regenerative state (such as when
the vehicle transmission system i1s 1n a drive mode), the cur-
rent tlows from the battery module 12 to the motor/generator
18 to propel the vehicle 10 1n a forward motion.

[0019] Itis to be understood that although a hybrid electric
vehicle has been described herein, the method disclosed
herein may be applied to other vehicles, such as, e.g., battery
clectric vehicles and capacitor/super capacitor electric
vehicles.

[0020] In an example, the method disclosed herein utilizes
an algorithm that may be run by the controller 16 that utilizes
measured current and voltage (e.g., obtained from the devices
32, 34) to determine and predict a state of the battery/ies 14
(e.g., the SOC and/or the SOP). This algorithm 1s based on an
adaptive and direct solution of the governing differential
equations that characterize an open circuit representation of a
single battery. The open circuit representation will be
described below 1n conjunction with FIG. 2. The algorithm
run by the controller 16 may be referred to herein as “the
direct differential algorithm™ or simply “the DD algorithm”.

[0021] The 1nventors of the instant disclosure have found
that the DD algorithm 1s a significant improvement over at
least some other algorithms that have been used to determine
the state of a battery 1n a vehicle. An example of one of the
other algorithms includes the superposition integral (SI) algo-
rithm. Basically, the SI algornithm employs a superposition
integration scheme to predict, in real time, at least the SOC
and the SOP of the rechargeable battery. In an example,
current, voltage, and temperature of the battery are inputted
into the algorithm, and the algorithm uses these mputs to
regress certain model parameters of the battery, such as, e.g.,
an open circuit voltage (V_ ), ahigh-frequency resistance (R),
a charge-transfer resistance (R ), and a capacitance (C) of the
battery. The SOC and the SOP, for example, may then be
determined from the regressed model parameters.

[0022] Certain drawbacks may be evident with the use of
the SI algorithm for determining the battery state. For
instance, the algorithm may be implemented with recursive
relations using circuit parameters from previous time-steps
and experimental measurements acquired in a current time
step 1n order to regress new circuit parameters. This may be
due, at least 1n part, to limited memory storage and/or limited
computing speed of controllers embedded in the estimator
running the SI algorithm. Once the new circuit parameters
have been regressed, a method of weighted recursive least
squares (WRLS) 1s employed which includes exponentially
damping nputted data over time. The new circuit parameters
may, 1in some nstances, significantly impact the value of the
parameters regressed by the estimator running the SI algo-

rithm.

[0023] The inventors of the mstant disclosure have discov-
ered that the SI algorithm may, 1n some 1nstances, become
unstable at high sampling rates (e.g., for date-sampling ire-
quencies above 10 Hz). For instance, certain tests have shown
that the numerical stability of the regression of the model
parameters may be sensitive to the mputted data. This sensi-
tivity may lead to numerical anomalies in parameter regres-
sion. Additionally, the SI algorithm uses only one set of model
parameters to describe both charging and discharging events
of the battery. To accommodate a possibility of different
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clectrode kinetics processes for charging and discharging, the
ST algorithm thus employs a fixed parameter =R, _,,,../R_;.
discharge, Which represents the ratio between the values of R,
for battery charging relative to battery discharging. Further, a

charge-transfer time constant (1.e., R _, times C) 1s assumed to
be the same for both the charging and discharging events.

[0024] In contrast, the mventors have found that the DD
algorithm provides a more stable parameter regression coms-
pared with the SI algorithm. The DD algorithm treats the
charging and discharging events of the battery separately, so
there 1s no need for a parameter r as 1 the SI algorithms.
Further, the DD algorithm 1s less sensitive to initial param-
cters, and has higher stability at high sampling rates com-
pared with the SI algorithm.

[0025] As mentioned above, the DD algorithm employs a
one RC-circuit model of a rechargeable battery, which 1s
identified by reference numeral 100 1n FIG. 2. The RC-circuit
battery model 100 1s connected with a current or voltage
source 30. It 1s to be understood that the current or voltage
source 30 may correspond to a motor/generator 18 as
depicted 1n FIG. 1. The open circuit voltage V_ . 34 1s shown
in series between the current or voltage source 30 and the
high-frequency resistance R. The battery model 100 further
includes a charging RC circuit 40 that 1s disposed 1n parallel
to a discharging RC circuit 42, whereby the parallel RC
circuits 40, 42 are disposed 1n the battery 14 1n series with the
high-frequency resistance R. The charging RC circuit 40
includes a charging capacitor C . and a charge transfer resis-
tance R_, . that i1s disposed in parallel with the charging
capacitor C_. The discharging RC circuit 42 includes a dis-
charge capacitor C; and a discharge transfer resistance R,
that 1s disposed 1n parallel with the discharge capacitor C ..
Furthermore, diodes 34 are used in the circuit to constrain

current I to flow in a direction indicated by convention
through the RC circuits 40 and 42.

[0026] The DD algorithm generally includes a plurality of
mathematical models that 1s used to ultimately predict a state
of the rechargeable battery/ies 14. In an example, the DD
algorithm includes a first mathematical model that may be
used to generate a plurality of parameters of the battery/ies
14. The parameters that are generated by the first mathemati-
cal model include the high-frequency resistance R (measured
in ohms), the charge transfer resistance R, _ (measured 1n
ohms), the discharge transfer resistance R, , (measured in
ohms), the charge capacitance C_. (measured in farads), the
discharge capacitance C , (measured 1n farads), and the open
circuit voltage V_  (measured 1n volts).

[0027] The first mathematical model 1s based on a direct
solution of at least one differential equation characterizing the
equivalent RC circuit 100 of the battery 14 as a function of
time. The first mathematical model 1s derived from Kirch-
hoif’s circuit laws applied to the one RC-circuit model 100
depicted 1n FIG. 2 to produce equation (1):

dV (Equ. 1)

dl
V =(R+ R, ) +RR..C— —R.,C— +V,,

d1 dr

where: V 1s a measured input voltage (1n volts); I 1s a mea-
sured mput current (1in Amperes); and R, R_, C, and ' V__ are
the parameters mentioned above that are regressed at each
time step t (measured 1n seconds). The time derivatives of V
and I may be derived directly from the measured values.
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[0028] In an example, the difference between the charge
kinetic process of the battery/ies 14 and the discharge kinetic
process of the battery/ies 14 may be determined by expanding,
Equation (1) to produce Equation (2), which 1s further
expanded 1into Equation (3) as follows:

(R + R + RR c_p Y Ly
ct ct A1 ct A1 OC

Equ. 2
v = N (Equ. 2)

C

d i dCV

R+R )+ RR,,C— — R.;C + V,
( t) O 1 C— ch

i dl ] (Equ. 3)
(Rc +Rcr c)fc +RcRcr {:Cﬂ(_] —

- - dr /.
dV

dr

R, . cﬂ[ ] FV, .

| o
(Ry+ Roy My + Rdﬁﬁ_dcd(df] _
IJ4

dV

R ct d Cd [ E ] + Vﬂﬂ_d
d

[0029] It 1s to be understood that, 1n Equations (2) and (3)
above, all of the parameters/variables subscripted with the
letter “d” are associated with the discharging process of the
battery/ies 14, and all of the parameters/variables subscripted
with the letter *“c” are associated with the charging process of
the battery/ies 14. As shown by equations (2) and (3), the DD
algorithm treats the discharge and charge processes of the
battery/ies 14 separately.

[0030] In an example, the parameters in Equations (2) and
(3) are regressed by applying the measured values of the
current I and voltage V of the battery/ies 14 inreal time. Then,
the dertvatives of the current I and voltage V are approximated
using the following diflerence equations:

b = 1= A Ar (Bqu. %)
di
dV (Equ. 5)
— ={(V(t) - V(r— Ar) /Ar
dit

[0031] In imnstances where the current I 1s positive (1.e., a

charging state of the battery/ies 14), then the current I =I, and
(dl/dt) =dl/dt, likewise the voltage V_=V and (dV/dt) =dV/
dt. Furthermore, all of the variables associated with the dis-
charging state of the battery/ies 14 are set to zero. In instances
where the current I 1s negative (1.e., a discharging state of the
battery/ies 14), then the current 1 ~I, and (dI/dt) ~=dl/dt, and
the voltage Vd=V and (dV/dt) =dV/dt. In this case, all of the
variables associated with the charging state of the battery/ies
14 would be set to zero.

[0032] In an example, Equation (3) above may be simpli-
fied by assuming that the discharge resistance R _~R _=R, at
least 1n part because the observed difference between the
high-frequency impedance for the charging and discharging
events 1s relatively small (e.g., 1s mathematically negligible).
For mstance, a lithium 10n battery may have slight hysteresis
in cell potential as a function of its state of charge (SOC) at a
C/3 rate (1.e., the charge (or discharge) rate equal to the total
capacity divided by 3 hours (e.g., a C/3 rate for a 6 Ah battery
1s about 2 A). As such, 1t 1s may be reasonable to assume that
the hysteresis 1s minimal for the relationship between the
open circuit voltage V__ and the SOC. In other words, the
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open circuit voltage during the charging state V. =V .
~V__."The final equation of the DD algorithm for the lithtum
ion battery example would thus become:

V(R R L RR o 1 R dVv (Equ. 6)
— ( + -::1‘_:::) C + ct ¢ ::(E]c LY o S ﬂ(m]ﬂ +
i I dV
(KR+ Rey gy + RE¢; 4 CJ(EL — Rcr_dcd[m}d + Vo

[0033] In an example, the DD algorithm further includes a
second mathematical model configured to regress the param-
cters over time. More specifically, the second mathematical
model includes a weight recursive least squares (WRLS)
method to exponentially damp the measured current and volt-
age over time. The WRLS model 1s described as follows.
Consider a linear dynamical model with input variables {x,(1),
I=1, 2, K, L} and an output variable y(t), and assume that 1)
these variables are sampled at discrete times {‘5, 1=1, 2,3, K,
N} and ii) the sampled values may be related through the
linear equation:

I (Equ. 7)
yit;) = me(fj)
=1

where {m,, 1=1, 2, K, L} are the L parameters to be identified.
In the WRLS method, the parameters are determined by mini-
mizing the sum of the weighted square of the error terms as
follows:

(Equ. §)

L \ \ | L _
c = ZSE = E ? A-?{_J y(fj)—zms-’fs(fj) ’
=1 i {=1 i

where {A,, 1=1, 2 . . . L} are the L exponential forgetting
factors for time-weighting data. A larger weight factor A,
g1ves rise to a larger error term € and thus more influence with
regard to evaluating the parameterm_, whereni1s 1,2,3...7.
The approach employed allows for multiple forgetting fac-
tors, which 1s described 1n M. Verbrugge, I. Appl. Electro-
chem., 37, 605 (2007), the contents of which 1s incorporated
herein by reference. The following assignments are made:

W=V()

x=l.m=R+R_, .
X,=1,m,=R+K, ,
x;=(dl/dt) . m3;=RR_, .C.
x =(dl/dt)ymy=RR,, 4C,
xs=(dV/dt).ms=R_., _C.
xe=(dVidt);mg=R,., C;

‘x?zl m?: Vac

[0034] The seven m parameters are updated at each time
step, based on which model parameters are being regressed.
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[0035] Using the regressed model parameters, the state of
charge (SOC) and/or the state of power (SOP) may be
deduced. In an example, the DD algorithm includes a third
mathematical model for estimating the SOC of the battery/ies
14 during 1) a charging state, and 11) a discharging state.
Equation (9) represents the SOC of the battery/ies 14 during
a charging state:

SOC=w(SOC )+(1-w)(SOC ) (Equ. 9)

where w 15 a weighting parameter that i1s set as an input
variable, SOC _1s the state of charge during the charging state,
and SOC;-1s the state of charge with respect to an open circuit
voltage V__ of the battery/ies 14. The SOC _may be calculated
via charge integration, and the SOC 1s related to the V__. by
means ofaV__vs. SOC or state of discharge (SOD) curve as
shown 1n FIG. 3. The SOC was deduced by coulomb count-
ing, and the measurements were conducted at C/3 rate and at
room temperature. A curve-fit to an average of the charge and
discharge curves i1n FIG. 3 was used to produce a look-up
table that may be used to determine the SOC .. In an example,
the look up table may be used by looking up a voltage value
in the table that 1s close to a measured voltage, and then take
an associated SOC from the table.

[0036] TheSOC_may be calculated in real time 1n recursive
fashion via equation (10) as follows:

100-1(r) - Ar

A hﬂﬂ?ﬂf nal

(Equ. 10)
SOC.(1) =SOC(r—An +

where t 1s the then-current time measured in seconds, At 1s the
change in time measured in seconds, I(t) 1s the current as a
function of time measured in amps, and Ah___. . 1s the
Ampere-hours of a capacity the battery/ies 14 when the bat-
tery/ies 14 1s/are discharged from 100% to 0% state of charge
at a discharging rate ranging from C/2 to C/20, where C 1s the
rate of charging the battery/ies 14 1n one hour. The factor 100
1s used 1 Equation 10 to keep a consistent percent basis. It 1s
to be understood that the SOC . calculation 1gnores self-dis-
charging of the battery/ies 14 and any inefficiencies with
respect to current flow.

[0037] Inanexample, the third mathematical model may be
used to estimate the state of power (SOP) of the battery/ies 14.
This may accomplished by estimating the charge and dis-
charge power capabilities of the battery/ies 14 1n real time,
and then estimating current as a function of time I(t). The
charging power capability may be obtained when the battery
voltage 1s set to its maximum value, and the discharging
power capability 1s obtained when the voltage 1s set to its
mimmum. In an example, the power capability P for charge/

discharge may be determined from equation 11 below:

P charge(discharge) (I) =/ charge(discharge) (I) . Vm ax(min) (Equ 11 )

[0038] ThecurrentI(t) may be determined when the voltage
1s set at 1ts maximum or minimum value. In mstances where
the battery/ies 14 1s/are 1n a charging state, the current I(t)
may be determined using Equation (12):

Iﬂhﬂf’g&' (I) —

Vmax_ VDE‘ [Vmax_v'l'IR VPHGI_VD(I] [ R'I'R::r c ]
+ CXP| — —f

R + Rﬂr_,‘-; R - R + Rﬂf_l:l'

Apr. 26, 2012

[0039] In instances where the battery/ies 14 1s/are 1n a dis-
charging state, the current I(t) may be determined using Equa-

tion (13):

Idisc:hargf(f) — (Equ 13)

Vmin - Vﬂﬂ [Vmin -V +IR Vmin - VDC] [ R+ RE:I‘ be] ]
+ — — — [
R+ R ct d g K Rﬂr_d Cq

eX
K R+ Ry 4

[0040] To furtherillustrate the present disclosure, examples
are grven herein. It1s to be understood that these examples are
provided for 1llustrative purposes and are not to be construed
as limiting the scope of the disclosed embodiment(s).

EXAMPLES

[0041] In order to examine the regression accuracy of the
DD algorithm (also referred to herein as the DD state estima-
tor), a computer simulation was run within a test environment
using simulated data. For this simulation, values were pre-
scribed for the model parameters of the RC circuit. Based on
the values of current I(t), voltage data V(1) were determined,
and the calculated values for I(t) and V(t) were employed for
real-time regression. Further, the effectiveness of the algo-
rithm was assessed by comparing the regressed parameter
values to the prescribed values.

[0042] As an example of the simulation test, the current
data was synthesized by adding together four sine waves with
random 1nitial phases. The frequencies of the sine waves were
0.001 Hz, 0.01 Hz, 0.1 Hz, and 1 Hz, with an amplitude of 10
A. The time 1nterval of the current data was set to 100 msec.
It 1s to be understood that the frequencies and amplitudes
were selected as being representative for traction battery
applications. Model parameters were prescribed as:

[0043] R=0.0024 Ohm, R_, =R_ ~0.0032 Ohm,
C =C =4500F,V_=3.6V. I

[0044] The data and the selected parameters were used to
calculate the system voltage using the circuit model. Then,
the current and voltage data were mput into the simulation
algorithm to obtain the regressed model parameters, as shown
in FIG. 3. The imitial values of the parameters were chosen to

be:

[0045] R=0.004
C_=C ~=4000 F
and the 1nitial open circuit voltage V_ . was set to be equal to
the first value of the voltage data. The forgetting factors A,
were set to 0.999 for every parameter. As shown 1n FIG. 3, the
regressed values of the parameters are almost 1dentical to the
selected values, demonstrating the algorithm’s accuracy 1n
parameter regression. Further, 1t was discovered that the
regression was ellectively insensitive to the mnitial values
inputted into the algorithm.

[0046] In order to evaluate the DD state estimator as a
predictor of real time battery states under simulated driving
conditions, the DD state estimator was implemented and 1nte-
grated with a battery testing system also known as a Hard-
ware-1n-the-Loop (HWIL) system. (An example of a HWIL
system 1s described in C. Massey, A. Bekaryan, M. Ver-
brugge, T. Weber, D. Frisch, L. Turner, A. Perulian and P. Liu,
in SAE Commercial Vehicle Engineering Conference, War-
rendale, Pa.: SAE International, (2003), the relevant portions
of which are incorporated herein by reference.) The architec-
ture of the HWIL basically includes three components: an
clectrochemical cell (EC) interface, a vehicle model, and an

Ohm, R_ =R_ ~0.0025 Ohm,
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HWIL controller. The EC acts as an environmental interface
to the electrochemical cell under test, and 1ts main facilities
include a single-channel tester (B1T2000, Arbin Instruments)
that provides up to 5 kW at potentials ranging from about 0.6
V to about 5 V+/-1 mV and current ranges up to about 1
kA+/-10 mA, and a thermal control chamber for accommo-
dating the battery with a programmable range from about
—-40° C. to 130° C. (resolution of +/-1° C.). All of the tests
were conducted at room temperature (e.g., about 24° C.). The
vehicle model used was the Hybrid Powertrain Simulation
Program (HPSP) provided by General Motors, Detroit, Mich.
HPSP was applied to provide electric-power requirements
based on specific driving profiles. The HWIL controller also
served as the command center 1n safeguarding the process.
For example, in a cycling process, as a power request 1s
received from HPSP, the HWIL controller analyzes the
request and, 11 valid, sends the request to the EC interface. The
HWIL also receives the I-V-T (i.e., current-voltage-tempera-
ture) response from the interface, iterates through the DD
algorithm with the I-V-T data, and provides feedback to the
HPSP for its preparation of its next power request. Concur-
rently, the HWIL controller continuously monitors the sys-
tem to ensure operation within specified limits so as to avoid
abuse of the cell. Communications between the above men-
tioned modules were realized using TCP/IP protocols.

[0047] The battery used in these experiments was a single-
cell lithtum 10on battery (Hitachi Automotive Products, model
#A23-06H04-G00) which has a nominal capacity of 5.6 Ah
and a voltage range 01 2.7 to 4.1 V. A preprogrammed driving
profile was used by the HPSP to submit the power demand to
the cell. Further, the DD state estimator was tested by com-
paring predicted and measured SOC and SOP values using,
the procedure described hereinbelow.

[0048] An mitial SOC value was randomly selected (e.g.,
ranging from about 30% to about 70%), and the correspond-
ing open circuit potential V__ was obtained using a look-up
table of the voltage-based state of charge. The battery was
charged or discharged with a current rate of C/6 until reaching
the value of V__, where the battery was allowed to rest for
about 20 minutes. This process was used to render an accurate
estimation of the mitial V__ of the battery.

[0049] The cycling process was 1nitiated, and the process
lasted for at least about 10 minutes. During the process, the

battery voltage and current was updated every 125+15 mulli-
seconds.

[0050] The cycling process was stopped at a random time
determined during the nitial cycling process, and a choice of
test (either an SOC test, a maximum charge power test, or a
maximum discharge power test) was randomly selected. For
the SOC test, the battery rested for one hour at the randomly
selected time, and was then discharged with a constant cur-
rent rate ol C/3 until battery voltage dropped to 1ts minimum
value of V_ . =2.7 V. The SOC was deduced by multiplying
the discharge current with the discharge time divided by the
battery’s capacity.

[0051] Thecharge or discharge power tests were performed
by setting the maximum or minimum voltage, respectively,
on the battery and tracing 1ts current as a function of time. The
charge or discharge power capability as a function of time was
determined by multiplying the current-time projection with
the maximum or minimum voltage, respectively. The DD
state estimator started to regress with all the model param-
cters 1nitialized to their pre-setting values. During the regres-
s10m, the regressed parameter values were also bounded. This
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1s necessary since a real vehicle environment often includes
noise due to electro-magnetic interference (EMI), which may

lead the regression to spurious predictions. The 1nitial value
and the boundary values of each parameter used 1n the experi-
ments are shown 1n Table 1 below:

TABL

L1

1

initial and allowable values for each parameter used in
the experiments described herein

Boundary Values

Quantity, units Initial Value [Min, Max]
R, mohm 4 0.4, 40]
R_. _, mohm 2.5 0.25, 23]
R_, ;, mohm 2.5 0.25, 25]
C.,F 4000 400, 40000]
C, F 4000 400, 40000]
Voc, V Measured voltage-value 2.7, 4.1]

att=0
W (welghting factor) 0.995
Ah__ . . Ahour 5.6
V,...(SOC),V 2.7
V., . (Power), V 2.9
vV, . (Power), V 4.0
[0052] AsshowninTable 1, the upper and lower boundaries

for the parameter values were set to be ten times larger or
smaller than the 1nitial values. Further, all of the forgetting
factors A, were set to A=0.999 for purposes of simplifying of
the calculation, and the 1nitial value of the parameter V__ was
set to be the measured voltage at the start of the regression.
The sampling period dt was 125 milliseconds, and thus

I
=125 s

Af= ——
1 -A

was approximately the time duration over which past data
impacted the regression. It should be noted, however, the
algorithm keeps the capability in fine tuning each A, to
improve the regression accuracy. For instance, the value of A
for V__ may be set at a smaller value to capture fast SOC
variations with current.

[0053] Another random trial was performed, where this
random trail highlighted charge-power capability of the bat-
tery. Based on 1nitial values, boundary conditions, forgetting
factors of the parameters, and the updated variables I,V of the
battery, the DD state estimator regressed the model param-
cters recursively and their final values are depicted 1n FIG. 5.
As shown 1n FIG. §, the high-frequency resistance R remains
almost the same throughout the driving process, which 1s
consistent with a constant number of charge carriers in the
clectrolyte phases and little change 1n the solid phase elec-
tronic resistance in the lithium 1on battery. The open-circuit
potential V_  increases slightly since the driving profile has
more charge cases than discharge cases. Further, there are
quantitative differences between the regressed charge and
discharge parameter values for charge-transier resistance and
capacitance. All of the parameters were regressed within their
preset boundary values, which 1s indicative of DD state esti-
mator stability. The discharge parameters have some cusps at
the beginning of the cycling process because there was not
enough discharge information to enable a stable regression.
With the updated parameters, the algorithm predicted SOC
and SOP 1n real time with the results. The SOC increases 1n
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the beginning period of 200 seconds and then remains nearly
constant, which 1s consistent with the driving profile.

[0054] As mentioned earlier, the DD algorithm uses equa-
tions 11 to 13 to predict power capabilities. The predicted
SOCs as well as charge and discharge power projections
occur at t=0.5 seconds, 2 seconds, and 10 seconds during the
cycling process as shown 1n FIG. 6. At the end of the cycling,
as the cycling duration reached 1200 seconds 1n this example,
the charge-power test was performed on the battery with
results presented in FIG. 10. In this test, the battery voltage
was clamped to 4 V, which corresponds to the maximum
voltage V, __used 1n the algorithm for calculating the power
capabilities. The battery’s current, and consequently the
power, were then sampled with 0.1 sec intervals and recorded
for 10 seconds. Predicted values of the charge power were
compared with the measured values, and the results are pre-
sented 1n Table 2 below.

TABLE 2

Comparison between predicted values of the charge power
and measured values of charge power

Projected Time  Predicted Power Measured Power Difference
0.5-sec 687.1 W 683.1 W 0.5%
2-sec 599.4W 599.2 W 0.03%
10-sec 405.8 W 396.1 W 2.5%
[0055] The measured values agree with the predicted val-

ues for the 0.5 second and 2 second power results, while the
10 second power projections show a larger deviation. In gen-
eral, SOP prediction accuracy is greater for shorter time 1nter-
vals; and the short-term power 1s mainly determined by the
high-frequency resistance R, and the regression of R 1s stable

and accurate. This leads to accurate short-term power predic-
tions.
[0056] FIGS. 7 through 9 summarize the results of 150
random tests on SOC and SOP of a lithtum 10n battery. Each
data point 1n the figures corresponds to a random test. In FIG.
7, the predicted values of SOC are within +/-3% accuracy
relative to the measured values. These errors are likely due to
numerical errors in coulomb 1ntegration. Since the weighting
factor w was mitialized with 0.995 in the algorithm, the
agreement ol SOC results verifies that for this battery, the
SOC 1s dominated by coulomb counting. FI1G. 8 demonstrates
the predicted 2 second power projections against the mea-
sured values. The positive values correspond to charge-power
tests, while the negative values refer to discharge-power tests.
The charge-power projections are quite accurate, while the
discharge-power projections are larger than those measured.
The deviations tend to grow as the power magnitude
increases. Further, FIG. 9 compares the predicted 10 second
power projections with measured values. Similar to the 2
second results, predictions of the charge power capabilities
were excellent, while the predicted discharge powers were
larger than those measured, and the deviation became larger
as the power magnitude increased.
[0057] While several examples have been described 1n
detail, 1t will be apparent to those skilled in the art that the
disclosed examples may be modified. Therefore, the forego-
ing description 1s to be considered non-limiting.

1. A method of determining and predicting a state of a
rechargeable battery device in real time, comprising:

via respective measuring devices, measuring a current and

a voltage of the rechargeable battery 1n real time;
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via a processor operatively coupled to memory and to a
computer-readable medium encoded with an algorithm
for determining the state of the rechargeable battery
device 1n real time, utilizing the measured current and
voltage 1n the algorithm, wherein the algorithm com-
prises:

a first mathematical model based on a direct solution of
at least one differential equation characterizing an
equivalent RC circuit of the rechargeable battery as a
function of time, wherein the first mathematical
model 1s configured to generate a plurality of param-
eters that are usable to determine the state of the
rechargeable battery; and

a second mathematical model configured to regress the
plurality of parameters over time; and

a third mathematical model configured to estimate the
state of the rechargeable battery; and

via the processor, applying the algorithm to determine the
state of the rechargeable battery.

2. The method as defined in claim 1 wherein the first
mathematical model is represented by:

V =(R+R., ).+RR C(m] R C(W] +
— ct c/ic ct_c~cC A1 ) ct_c~cC At )

(R+ K. ;g + RR, 4C (ﬂﬁf] R., ,C (ﬂﬁv] Vv
+ A, + c — — N, — + Vo
it d/d { d~d P y i dd A1 y

wherein:

V 1s the voltage of the rechargeable battery measured 1n
volts:

V. 1s an open circuit voltage of the rechargeable battery
measured 1n volts;

R 1s a high-frequency resistance of the rechargeable battery
measured 1n ohms:

.+ -and R_, . are charge-transfer resistances, measured
in ohms, of the rechargeable battery for a charging state
(c) and a discharging state (d);

[ and I, are currents, measured 1n amps, of the recharge-
able battery for the charging state (¢) and the discharging
state (d);

C_ and C, are capacitances, measured in farads, of the
rechargeable battery for the charging state (¢) and the
discharging state (d); and

t 1s time measured 1n seconds.

3. The method as defined in claim 2 wherein the plurality of
parameters include R, R, , R, ,C_.C,andV_..

4. The method as defined 1n claim 1 wherein the second
mathematical model includes a weighted recursive least
squares method configured to regress the model parameters
using the measured current and voltage over time.

5. The method as defined 1in claim 1 wherein the state of the
rechargeable battery 1s a state of charge (SOC), and wherein
the third mathematical model is represented by:
1) SOC=w(SOC )+(1-w)(SOC) during a charging state
(c) of the rechargeable battery, and

wherein w 1s a weighting factor, and SOC | 1s the state of
charge with respect to an open circuit voltage (V_ ) of
the rechargeable battery.

6. The method as defined 1n claim 5 wherein the state of
charge during the charging state of the rechargeable battery
(SOC ) 1s represented by:

R
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100-f(r)- Ar
SOC. =S50C.(1) = SOC(r — Ar) +

hnﬂminﬂ.!

wherein: t1s a then-current time measured 1n seconds, At 1s the
change 1n time measured 1n seconds; I(t) 1s the current as a
function of time measured in amps; and Ah,__. . 1s the
Ampere-hours of a battery capacity when the rechargeable
battery 1s discharged from 100% to 0% state of charge at a
discharging rate ranging from C/2-C/20, where C rate 1s
defined as charging the battery in one hour.

7. The method as defined 1n claim 1 wherein state of the
rechargeable battery 1s a state of power (SOP), and wherein
the third mathematical model 1s configured to:

1) estimate a charging power capability of the battery P_,

which 1s represented by:

P.(H=I_(t)V,, .. and

FRCIXY

11) estimate current as a function of time I(t), which 1s
represented by:

VI‘HGI_VDE [Vmax_v'l'fﬁ me:_vmz] [R'l'Rcr C ]
+ cXp — 7

R+Rg . - RRy .C.

I.(r) =
(©) R R+ Ry ¢

8. The method as defined 1n claim 1 wherein state of the
rechargeable battery is a state of power (SOP), and wherein
the third mathematical model 1s configured to:

1) estimate a discharging power capability of the recharge-
able battery P ,, which 1s represented by:

PJ(I)ZIC(I).V}’HI'H; and

1) estimate current as a function of time I(t), which 1s
represented by:

I4(1) =

Vmin - Vm: [Vmin -V + IR Vmin - VD(Z‘] [R + Rr;r d ]
+ CXp — f

R+ Ry 4 R " R+Rg 4 RRy 4Cy

9. The method as defined 1n claim 1 wherein the applying
of the algorithm includes solving for a charging state of the
rechargeable battery by using only charging state data as
input.

10. The method as defined 1n claim 1 wherein the applying
of the algorithm includes solving for a discharging state of the
rechargeable battery by using only discharging state data as
input.

11. A control system for a vehicle, comprising:

a module including at least one rechargeable battery;

a {irst device for measuring a magnitude and direction of
current flowing through the at least one rechargeable
battery;

a second device for measuring a voltage of the at least one
battery; and

a controller operatively associated with the module, the
controller including a processor operatively coupled to
memory and to a computer-readable medium encoded
with an algorithm, the processor configured to execute
the algorithm that utilizes measured current and voltage
obtained from the first and second devices, respectively,
to predict a state of the at least one rechargeable battery,
the algorithm comprising:
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a first mathematical model based on a direct solution of
at least one differential equation characterizing an
equivalent RC circuit of the at least one rechargeable
battery as a function of time, wherein the first math-
ematical model 1s configured to generate a plurality of
parameters that are usable to predict the state of the at
least one rechargeable battery; and

a second mathematical model configured to regress the
plurality of parameters over time; and

a third mathematical model configured to estimate the
state of the at least one rechargeable battery.

12. The control system as defined 1n claim 11 wherein the
first mathematical model 1s represented by:

V=(R+R I.+ RR C(ﬂﬂ] R C(ﬂﬂv] +
—( -::I_-::)-:: ct c~¢ E .;:_ ct c~¢C m )

(R+R.. D), +RR C(m] R C[M] +V
ct d/td ct_d“d A1 g ct d“d A1 g oc

wherein:

V 1s the voltage of the at least one rechargeable battery
measured 1n volts:

V _ _1s an open circuit voltage of the at least one recharge-
able battery measured in volts;

R 1s a high-frequency resistance of the at least one

rechargeable battery measured 1in ohms;

. .and R_, ,are charge-transier resistances, measured
in ohms, of the at least one rechargeable battery for a
charging state (c¢) and a discharging state (d);

[ and I, are currents, measured 1n amps, of the at least one
rechargeable battery for the charging state (¢) and the
discharging state (d);

C.. and C, are capacitances, measured in farads, of the at
least one rechargeable battery for the charging state (c)
and the discharging state (d); and

t 1s time measured 1n seconds.

13. The control system as defined 1n claim 12 wherein the
plurality of parameters include R, R R, »C. C, and
V_.
14. The control system as defined 1n claim 13 wherein the
second mathematical model includes a weighted recursive
least squares method configured to exponentially damp the
measured current and voltage over time.
15. The control system as defined 1n claim 11 wherein the
state of the at least one rechargeable battery 1s a state of charge
(SOC), and wherein the third mathematical model 1s repre-
sented by:
1) SOC=w(SOC )+(1-w)(SOC ) during a charging state
(c) of the at least one rechargeable battery, and

wherein w 1s a weighting factor, and SOC | 1s the state of
charge with respect to an open circuit voltage (V__) of
the at least one rechargeable battery.

16. The control system as defined 1n claim 135 wherein:

1) the state of charge during the charging state of the at least
one rechargeable battery (SOC ) 1s represented by:

R

ot A .

100 () - Ar
SOC. =S50C.(1) =SOC(r-An +

hﬂﬂmina.!

wherein: t1s a then-current time measured 1n seconds, At 1s the
change in time measured in seconds; I(t) 1s the current as a
function of time measured in amps; and Ah the

HOMINA 15
Ampere-hours of a battery capacity when the at lefast one
rechargeable battery 1s discharged from 100% to 0% state of
charge at a discharging rate ranging from C/2-C/20.
17. The control system as defined 1n claim 11 wherein:
1) state of the at least one rechargeable battery 1s a state of
power (SOP), and wherein the third mathematical model

1s configured to:
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estimate a charging power capability of the at least one
rechargeable battery P_, which is represented by:

P (0=l )V, _;and

estimate current as a function of time I(t), which 1s
represented by:

Vma:::_vﬂﬂ (me:_v'l'fR VF‘HGI_VG(I] [R'I'Rt:rﬂ]
+ p — 71

— ex Il
R R+ K . RR C;

and
11) the state of the at least one rechargeable battery 1s a state
of power (SOP), and wherein the third mathematical
model 1s configured to:
estimate a discharging power capability of the at least
one rechargeable battery P, which 1s represented by:

P (0)=1(0) V15 and

estimate current as a function of time I(t), which 1s

represented by:
/ Vmin — VDE [Vmin -V + IR Vmin — VDE] [R + Rcz‘_d ]
fl = + —_ Il].
alt) =57 Re o R R+ Ry ) A\ RRy 4Ca
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18. The method as defined 1n claim 11 wherein the apply-
ing of the algorithm includes solving for a charging state of
the at least one rechargeable battery by assuming that a dis-
charging state of the at least one rechargeable battery is zero.

19. The method as defined 1n claim 11 wherein the apply-
ing of the algorithm includes solving for a discharging state of
the at least one rechargeable battery by assuming that a charg-
ing state of the at least one rechargeable battery 1s zero.

20. A computer-readable medium encoded with a com-
puter program that includes computer-readable code for
executing an algorithm for determining a state of a recharge-
able battery device 1n real time, the algorithm comprising;

a first mathematical model based on a direct solution of at
least one differential equation characterizing an equiva-
lent RC circuit of the rechargeable battery as a function
of time, wherein the first mathematical model 1s config-
ured to generate a plurality of parameters that are usable
to determine the state of the rechargeable battery; and

a second mathematical model configured to regress the
plurality of parameters over time; and

a third mathematical model configured to estimate the state
of the rechargeable battery.

e i e e i
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